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CHEMICAL  REACTIONS  IN  STRONG  SHOCK  WAVES 

Py 

Edward  F,  Greene 
ABSTRACT 

Strong  shock  waves,  generated  in  shock  tubes,  provide  a promising  way  of  study- 
ing high  temperature  chemical  reactions  in  gases.  The  heating  by  the  shock  wave  is 
uniform,  extremely  rapid  and  intense  so  that  the  temperature  may  rise  many  thou- 
sands of  degrees  in  a fraction  of  a microsecond.  Observations  of  the  effects  of 
this  heating  on  compounds  like  CH3I  and  BrCN  have  shown  extensive  decomposition  into 
such  radicals  as  CH,  and  CM, 

Introduction 

When  a strong  shock  wave  passes  through  a gas,  there  is  a large  and  almost  dis- 
continuous rise  in  pressure  and  temperature.  Each  gas  molecule,  in  fact,  has  time 
for  only  about  twenty  collisions  in  changing  from  its  initial  state  to  the  heated 
and  compressed  state,  and  in  this  short  time  the  temperature  may  rise  by  several 
thousands  of  degrees.  This  rapid  and  homogeneous  heating,  which  is  otherwise  dif- 
ficult to  obtain,  provides  a useful  method  of  initiating  and  studying  fast,  high 
temperature  reactions.  This  report  describes  the  methods  we  have  used  to  bring 
about  and  study  the  decomposition  of  such  simple  substances  as  BrCN,  CF3I,  and  CH^I 
in  strong  shock  waves. 

Generation  of  Shock  Waves 

Shock  waves  may  be  produced  in  a variety  of  ways-  by  the  detonation  of  solid 
or  gaseous  explosives,  by  powerful  sparks,  or  in  a shock  tube.  We  have  investi- 
gated only  the  shock  tube  method  because  of  its  simplicity  and  adaptability  and 
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especially  because  of  the  uniform  heating  it  provides*  The  shock  strength  can  be 
easily  varied  over  a wide  range  and  there  is  no  problem  of  contamination  from  the 
hot  products  of  a detonation.  Figure  la  shows  a schematic  representation  of  the 
tube, • The  compression  chamber  contains  gas  at  a relatively  high  oressure  and  is 
S2p""atad  from  the  expansion  chamber  by  a thin  diapinaga.,  VTucu  the  diaphragm  is 
punctured  by  a needle,  a shock  wave  is  formed  as  the  gas  from  the  high  pressure 
section  compresses  the  gas  in  the  low  pressure  section.  The  shock  wave  moves  with 
nearly  uniform,  supersonic  velocity  to  the  end  of  the  tube  where  it  is  reflected 
and  produces  another  region  of  still  higher  pressure  and  temperature.  At  the  same 
time  a rarefaction  wave  moves  back  from  the  diaphragm  into  the  high  pressure  sec- 
tion, Figure  lb  and  c show  the  pressure  distribution  at  two  different  times  after 
the  rupture  of  the  diaphragm,  Thus  the  gas  originally  in  the  high  pressure  section 
is  cooled  as  it  expands  while  the  gas  originally  in  the  low  pressure  chamber  is 
heated  by  compression  twice— first  in  the  original  shock  wave  and  then  in  the  wave 
reflected  from  the  end  plate,  A conventional  time  versus  distance  diagram  (Figure 
2)  provides  a compact  representation  of  what  happens  in  a shock  tube  after  the  rup- 
ture of  the  diaphragm.  The  two  regions  of  special  interest  are  those  of  approxi- 
mately uniform  (uniform  in  the  ideal  case)  heating  behind  the  incident  and  reflected 
shock  waves.  Rosier,  Lin,  and  Kantrcwitz'*' 

1.  E,  L.  Resler,  S.  C.  Lin,  end  A,  Kantrov/itz,  J.  Applied  Phvs.  21. 

1390  (1932). 


have  given  an  excellent  description  of  the  oroduction  of  high  temperature 
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gases  in  shock  tubes}  while  Bleakney,  Weiraer,  and  Fletcher  and  Geiger  and  Mautz 


2,  W.  Bleakncy.  D.  K.  Heirae^  and  C,  H.  Fletcher,  Rev,  Sci,  Instruments, 

20,  807  (19L°). 
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3.  F.  T7,  Geiger,  and  G.  W.  Mautz,  "Tho  shock  tubo  as  an  instrument  for 
the  investigation  of  transonic  and  supersonic  flow  patterns”,  Uni- 
versity of  Michigan,  Engineering  Research  Institute  Report,  1?U9, 
ONR  Contract  H6-ONR-232  T.O.  IV. 
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have  described  the  construction  of  shock  tubes-  Carrin.'-ton  and  Davidson 


U*  T.  Carrington  and.  N.  Davidson,  J.  Phys*  Chem,  57.  ui8  (1953). 


have  been  al  le  to  measure  the  very  rapid  rate  of  decomposition  of 
by  making  use  of  the  extremely  fast  heating  possible  in  a shock  wave. 

We  have  used  two  shock  tubes  of  1 inch  and  2 inch  internal  diameter  respective] 
which  have  high  pressure  chambers  made  from  brass  tubing  (l/l6  in.  wall,  17  in,  and 
23  in,  long)  and  low  pressure  sections  of  commercial  glass  pipe  (Coming,  5 ft,  and 
8 ft,  long)  which  have  a rated  maximum  working  pressure  of  50  psi,  We  have  used 
diaphragms  of  cellophane  (.001  in,)  or  Kodatrace  (,00U5  in.) 'single  thicknesses  of 
which  can  ’withstand  pressures  of  1,5  and  9 atmospheres  respectively  in  our  1 inch 
i.d*  tube.  Four  thicknesses  of  Kodatrace  permit  a orussurc  differential  of  12  at- 
mospheres in  our  2 inch  tube.  The  cellophane  shatters  more  comoletolv  than  the 
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Kodatrace  but  according  to  Hollycr 
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5.  R*  N.  Hollycr,  Jr.,  "A  study  of  attenuation  in  the  shock  tube,"  Uni- 
versity of  Michigan,  Engineering  Research  Institute  Report,  1953, 

ONR  Contract  N6-ONR-232  T.O,  IV. 

this  makes  little  difference  in  the  properties  of  the  shock  when  it  has 
formed.  A soft  rubber  gasket  has  been  used  between  the  brass  tube  and  the  dia- 
phragm, We  have  limited  ourselves  to  either  hydrogen  or  helium  in  the  compression 
chamber  because  hydrogen  produces  the  strongest  possible  shock  waves  for  a given 
ratio  of  pressures  across  the  diaphragm  while  helium  gives  the  next  strongest  shocks 
and  has  the  advantage  of  being  chemically  inert.  The  essential  property  desired  for 
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the  gas  in  tho  compression  chamber  is  a high  sound  velocity  (see  reference  1), 
Normally  the  pressure  of  hydrogen  or  helium  has  been  from  1-12  atm.  while  the  pres- 
sure of  the  gas  to  bo  heated  has  boon  from  0.1  to  100  mm  Hg.  For  our  two  inch  tube 
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this  corresponds  to  from  3x10  to  3x10  moles  of  gas.  Usually  the  pressure  ratios 

2 £ 

across  the  diaphragm  have  varied  between  10  and  10  • 

For  a typical  shock  wave  in  the  1 inch  tube:  hydrogen  is  at  a pressure  of  1.3 

atm.,  BrCN  is  at  0.6  mm  Hg  in  the  low  pressure  section,  the  velocity  of  the  shock  is 
L. 72  mm/  microscc.  (Mach  10)  tho  time  for  the  initial  temperature  rise  is  approxi- 
mately .05  microsec.  and  the  duration  of  uniform  heating  (before  the  reflected  wave) 
is  up  to  1 millisec.  depending  on  the  original  location  of  the  gas  in  the  glass  tube. 
Our  high  pressure  sections  are  long  enough  so  that  usually  the  rarefaction  coos  not 
catch  the  shock  before  the  reflected  shock  wave  passes  through  all  the  gas  which  was 
originally  in  tho  low  pressure  section.  Ultimately  however,  the  rarefaction  reaches 
uhe  heated  gas  of  the  low  pressure  section  and  begins  to  cool  it.  For  cooling  to 
occur  sooner,  it  is  only  necessary  to  shorten  the  high  pressure  section  so  that  the 
head  of  tho  rarefaction  arrives  earlier.  In  some  oases  cooling  may  be  desired  to 
begin  even  before  the  shock  reflects  from  thv.  end  plate.  Tho  duration  of  the  heating 
can  be  easily  controlled  by  a piston  in  the  high  pressure  section  to  vary  its  ef- 
fective length.  The  difficulty  with  extremely  long  tubes  is  that  there  is  a small 
but  definite  attenuation  cf  the  shock  rave  because  of  interaction  with  the  tube  walls. 
The  temperature  of  the  hot  gases  is  an  especially  important  nrooerty  to  know, 
rosier,  Lin,  and  Kantrowitz1  have  shorn  that  the  available  enthalpy  ocr  unit  mass  of 
the  hot  gas  is  approximately  one  half  the  square  of  the  shock  velocity.  That  is: 
nearly  all  the  kinetic  energy  of  the  undisturbed  gas  (considered  with  respect  to  the 
shock  wave  as  a frame  of  reference)  is  converted  to  internal  energy  after  massage 
through  the  shock  wave.  This  means  that  from  measurements  of  the  shock  velocity  we 
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con  know  the  temperature  if  we  can  find  the  right  heat  capacity  to  use.  Right  at 
the  shock  front  the  correct  heat  capacity  is  just  that  which  allows  only  for  the 
rapidly  excited  translational  and  rotational  degrees  of  freedom  so  that  the  ’’temper- 
aturo"  reaches  a maximum  and  then  falls  as  energy  is  distributed  more  slov/ly  to  the 
vibrational  degrees  of  freedom.  Finally  when  chemical  reaction  begins,  our  knowl- 
.dge  of  the  temperature  becomes  much  less  precise  because  of  the  unknown  amount  of 
reaction  which  is  occurring.  An  endothermic  reaction  brings  the  temperature  dovm, 
while  if  an  exothermic  reaction  starts,  the  temperature  can  rise  moidly,  For  the 
shock  wave  in  FrC?!  mentioned  above  the  available  enthalpy  is  approximately  36  and 
41  kcal/m°l  for  the  incident  and  reflected  shocks  respectively.  At  first  when  only 
translational  and  rotational  energy  is  equilibrated  the  temp,  rat u re  would  bo  approx- 
imately 7000  -rid  15000°K.  Those  values  would  then  fall  to  approximately  2700  and 
5>100°K  when  the  vibrational  degrees  of  freedom  became  equilibrated.  Clearly  con- 
siderable decomposition  must  then  occur. 

For  hydrogen  in  the  high  pressure  section  (P^)  and  several  different  gases 

varying  in  complexity  from  argon  to  normal  octane  in  the  low  pressure  section  (P^) 

figure  3 shows  the  calculated  pressure  ratios,  P^/P-,,  required  to  produce  incident 

(in  kcal/mol) 

shocks  of  given  Mach  numbers,  and  the  onthalpy^availabl  ■ for  these  Mach  numbers  from 
the  incident  and  reflated  shock  waves.  The  shock  Mach  number  is  the  ratio  of  the 
shock  speed  to  the  speed  of  sound  in  the  undisturbed  gas  ahead  of  the  shock.  It  is 
a convenient  measure  of  shock  strength  because  the  velocity  is  the  property  of  the 


shock  most  easily  determined.  In  general,  a low  sound  velocity  for  the  gas  to  be 
ncated  moans  that,  a smaller  Pt/P  will  be  required  to  produce  tho  same  Mach  number; 
while  for  a given  Mach  number  the  enthalpy  available  decreases  only  relatively 
slightly  in  going  from  argon  to  more  comnlcx  gases.  Thus  at  a given  Mach  number  the 


temperatures  attained  are  .approximately  inversely  proportional  to  the  heat  capacity 
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(ip  the  incident  shocC 

of  tho  gas— at  l fc.cn  10,  if  wc  assume  no  ionization  occurs,  argon  is  heatcd^to 
9500°K  while  CqH^q  only  to  approximately  ?60°K,  These  calculations  of  P^/P-^  and 
A H are  based  on  tho  assumptions  of  ideal  gas  behavior,  constant  heat  capacity, 
instantaneous  thermal  equilibrium,  no  interaction  with  the  walls,  and  no  work  done 
by  the  gas  on  the  diaphragm  as  it  ruptures.  The  hoat  capacity  used  is  that  for  vi- 
bration fully  excited  to  the  classical  value  but  the  changes  would  be  very  slight  i# 
equilibrium  values  were  used  instead.  The  deviation  of  experimental  Vh  's  from 
those  calculated  is  shown  in  Figure  U for  shocks  in  CH^I  and  N2  with  He  and  Hg 
the  respective  driver  gases.  (See  ref.  1 and  5 for  similar  experiments 
on  A and  Ng. ) 

Detection  of  Reaction  in  Shock  Waves 

Several  methods  which  can  be  used  to  study  the  regions  of  hot  gas  produced  in 

the  shock  tube  aret  emission  and  absorption  spectroscopy,  measurement  of  relative 
velocities  and  densities,  and  analysis  of  the  final  products  of  the  reaction.  A 
combination  of  these  methods  can  yield  a considerable  amount  of  information  about 
the  substances  formed  during  the  decomposition.  Here  the  situation  is  similar  in 
many  ways  to  that  in  flash  photolysis  which  is  being  widely  investigated,  for  in- 
stance by  Norrish^ 

6,  R«  G.  Tf.  Norrish,  Z.  Electrochem.  56,  ?05>  (1952). 
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and  by  Ramsay  . 

7.  D.  A.  Ramsay,  J.  Phys.  Chom.  57,  ljl5  (1953). 

Both  methods  can  produce  large  amounts  of  reaction  in  short  times  by  the  addition  of 
large  amounts  of  energy.  However,  for  photolysis  there  must,  of  course,  bo  absoretio^ 
of  light  so  if  the  substance  itself  is  transparent  an  absorbing  impurity  must  bo 
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added.  This  inpurity  may  well  affect  the  course  of  subsequent  reactions.  An  ad- 
vantage of  photolysis  is  that  the  temperature  can  bo  kept  almost  constant  by  using  a 
large  excess  of  inert  gas.  With  both  methods  one  of  the  most  interesting  problems 
is  the  study  of  free  radicals  which  are  formed  by  the  initial  decomposition  of 
simple  parent  molecules. 

The  most  direct  way  of  detecting  and  identifying  substances  which  have  known 
spectral  bands  is  to  examine  the  light  cither  emitted  or  absorbed  during  the  short 
time  that  the  reactions  are  taking  place.  Many  of  the  shock  waves  we  have  investi- 
gated are  intensely  luminous  so  that  even  with  the  very  short  exposures  (approxi- 
mately 20  microsec, ) it  is  possible  to  record  spectra  on  fast  plates  (Eastman  1-D 
(2)  and  I-N)  using  a ln'-pc  aperture  spectrograph  (Hilgor  f/l.5  Raman  spectrograph 
E 612),  Although  it  is  possible,  with  the  brightest  shocks,  to  get  spectra  from  the 
incident  shock,  usually  the  only  satisfactory  way  is  to  use  the  much  brighter  region 
behind  the  reflected  wave.  Because  of  the  small  amount  of  light  available  the  prob- 
lem is  much  like  that  of  Raman  spectroscopy  and  can  be  helped  by  such  devices  as 

8 

multiple  pass  sources  * 

8.  H.  L.  Welsh,  C.  Cumming  and  E.  J.  Stansbury,  J,  Optical  Soc,  Am. 

Ul,  712  (1951). 

Most  of  our  spectra  have  been  obtained  by  opening  the  camera 
shutter  in  a darkened  room,  and  then  retting  off  the  shock,  so  that  tho  emission  is 
integrated  over  the  whole  shock.  However,  we  have  also  used  the  spectrograph  as  a 
monochromator  and  follo’wed  the  light  omitted  from  a given  region  of  the  spectrum  as 
a function  of  time  with  a photomultiplier.  (Compare  Norrish,  Porter,  and  Thrush" 

9,  R.  G,  W,  Norrish,  C-.  Porter,  and  B.  A,  Thrush,  Proc.  Roy.  Soc. 

(London)  A2l6,  165  (1953). 


in  their  study  of  flash  initiated  combustions.) 


Absorption  spoctra  should  provide  information  to  supplement  that  from  emission 
snectra  in  several  ways*  First,  if  the  molecules  which  emit  are  in  thermal  equi- 
librium with  the  ground  state,  the  concentration  of  absorbing  molecules  should  be 

bhjfT  , 

higher  by  a factor  of  approximately  e (where  ^ is  the  frequency  of  the  light 

emitted)  v/hich  can  be  a very  large  number.  However,  if  the  radicals  are  formed  in 
excited  states  and  emit  before  they  are  deexitod  by  collision,  there  is  no  such 
favoring  of  absorption.  Thus  a comparison  of  relative  intensities  may  provide  an  in- 
dication of  the  original  state  in  which  the  radical  is  formed  when  the  parent  molecule, 
decomposes.  Second,  an  advantage  of  absorption  snectra  is  that  time  resolution  can 
bo  achieved  by  varying  the  tine  after  passage  of  th;.  shock  at  which  the  short  du- 
ration light  source  is  turned  on.  Similar  time  resolution  with  emission  is  more 
complicated  to  obtain,  for  it  is  necessary  either  to  have  a fast  shutter  or  to  get 
motion  of  the  image  relative  to  the  film  as  in  a drum  camera.  Of  course,  the  change 
of  absorption  with  time  for  a given  region  of  the  spectrum  may  also  be  observed  by 
using  a steady  light  source,  a monochromator  or  filter,  and  a phototube. 

Some  of  the  measurable  properties  of  the  shock  wave,  for  instance  the  density 
behind  the  reflected  wave  and  the  velocity  of  the  reflected  wave,  are  quite  sen- 
sitive to  the  presence  of  dissociation  or  ionization  in  the  gas,  (See  ref.  1 for 
the  calculated  effects  for  the  ionization  of  argon).  IThen  a shock  is  luminous  the 
reflected  velocity  can  bo  measured  (e.g,  with  a drum  camera)  and  the  dissociation 
energy  estimated  by  comparison  with  the  reflected  velocity  calculated  for  various 
dissociation  energies,  a euitipii'-^.oj.ng  uU'j  vuij  xnu^i  .Soing  factor  hero  ic  the 
question  of  the  extent  to  which  thermal  equilibrium  is  reached.  Also  for  luminous 
shocks  it  is  possible  to  estimate  roughly  the  ratio  of  the  original  donsity  in  the 
low  pressure  section  to  the  density  behind  the  reflected  shock  by  taking  a drum 
camera  picture  of  the  end  of  the  tube  and  noting  the  length  of  the  bright  region  of 
the  reflected  shock  compared  to  the  length  of  the  low  pressure  section.  Here  tur- 
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bulenco  is  assumed  negligible  and  the  end  of  the  bright  region  is  taken  to  be  the 
position  of  the  contact  surf  .ee  (which  separates  the  hydrogen  from  the  heated  gas) 
when  the  reflected  wave  n.'-ch^s  it.  Pictures  of  strong  shock  waves  in  several  sub- 
sta.nccs  show  that  the  brightness  is  often  fairly  uniform  over  a region  at  the  end  of 
the  tube.  More  work  will  be  required  to  explore  the  usefulness  of  these  methods. 

Important  though  less  direct  information  is  available  from  analysis  of  the  final 
products  of  the  reaction  after  the  shock  is  over.  Here,  as  in  flash  ohoyolvsis,  the 
products  may  be  quite  different  from  those  formed  in  ordinary  decompositions  because 
of  the  rapid  heating  and  th<_  high  concentra.tions  of  intermediates  which  are  formod. 

Application  of  Methods  of  Studying  Reactions  Fehlnd  Shock  Wares 

We  have  examined  the  frequencies  of  the  light  emitted  by  a variety  of  simple 
substances  decomposed  in  strong  shock  waves.  With  BrON  where  the  C-Br  bond  energy 
is  about  80  kcal/mcl  or  C1CN  (C-Cl  approximately  yh  kcal/nol)  both  the  red  and  violet 
systems  of  CN  and  the  C2  Swan  bands  show  up  strongly.  The  relative  intensity  of  the 
violet  to  the  red  bands  decreases  noticeably  as  the  shock  strength  decreases*  Fig- 
ure 5?-  shows  a typical  spectrum  token  of  the  region  behind  the  reflected  wave  of  a 
shock  in  BrCN  with  hydrogen  as  the  driver  gas  and  with  P^/P-^  equal  to  1000,  The 
shorter  reference  lines  arc  from  a.  mercury  arc  lamp.  Py  using  a photomultiplier  and 
a monochromator  we  have  found  that  in  a similar  shock  the  light  emitted  from  CN 
cones  appreciably  earlier  than  that  from  Cg*  Figure  6 sr.ov/s  light  intensity  m ar- 
bitrary units  plotted  against  time  fer  the  CN  bands  near  U2l6  A and  the  Cg  bands 
near  U737  A,  Although  the  temperature  is  not  constant  and  these  intensities  there- 
fore have  no  direct  relation  to  concentrations,  nevertheless,  it  is  tempting  to  sup- 
pose that  2CN  — *N72  + C ^ which  would  be  an  interesting  reaction  to  study,  . . ' 

H,  B,  Palmer  in  this  laboratory  has  shovm  that  absorption  spectra  also  can  bo  ob- 
tained from  shock  waves.  By  synchronizing  a short  duration  exploding  wire  source 
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■with  a shock  In  BrCN  ho  has  found  absorption  duo  to  CN*  After  cortain  of  those  runs 

there  is  on  the  tube  walls  a black  deposit  which  we  boliovo  to  be  carbon  and  some- 
tines  a v.’hite  deposit  which  may  be  a polymer  of  CN, 

In  an  effort  to  observe  the  rooctra  of  CH_  and  C?  , we  have  tried  similar  shocks 

3 3 

in  CF^Br  and  CH-jBr,  which  also  give  intense  emission  (somewhat  less  intense,  how- 
ever, than  that  from  BrCN),  Here  there  is  an  interesting  change  in  the  character  of 
the  spectrum  as  the  shock  strength  increases.  For  a pressure  ratio  across  the  dia- 
phragm of  2000  (hydrogen  as  driver  gas)  the  only  noticeable  omission  is  a continum 
intense  in  the  red  and  falling  off  in  the  green.  Increasing  the  pressure  ratio 
twice  by  factors  of  two  (P^  constant,  decreasing)  brings  out  the  C2  Swan  bands 
and  in  the  ease  of  CH^Br  the  CH  system  at  K300  A,  while  the  continum  becomes  rel- 
atively much  less  intense.  Figure  £bcd  and  efg  show  this  change  for  CH^Br  and 
CF^Br,  respectively.  The  spectra  from  CH3I  and  CF3I  are  like  these  for  the  bromides 
except  that  they  are  noticeably  more  intense.  That  from  is  very  much  like 

that  from  CH3I,  More  work  will  be  necessary  to  resolve  the  time  sequence  of  emis- 
sion from  the  CH,  C2  and  the  continuum,  but  it  is  intriguing  to  think  that  the  con- 
tinuum may  be  due  to  CH^, 

After  these  runs  the  odor  of  halogen  is  distinctly  noticeable  in  the  shock  tube 
and  with  the  iodides  there  is  a considerable  deoos.it  of  solid  iodine  as  well  as 
carbon  on  the  tube-  walls.  Chemical  analysis  by  titration  with  thiosulfate  showed 
that  from  one  half  to  two  thirds  of  the  I in  the  origin''!  CH^I  was  recovered  as 
molecular  I2  for  shocks  with  a range  of  pressure  ratios  (with  helium  as  the  driver 
gas)  of  IbO-bOOO  (Mach  p-15).  This  shows  that  the  extent  of  decomposition  is  con- 
siderable, After  one  run  (Mach  7)  the  products  were  condensed  at  liquid  nitrogen 
temperatures  to  separate  them  from  the  helium  of  the  compression  chamberj  an  infrared 
spectrum  of  the  vapor  showed  absorption  at  730  and  9^9  cm“^  characteristic  of  bands 


11. 

of  acetylene  and  ethylene.  The  sanplo  was  acid  and  the  spectrum  also  shows!  this 
2310  cra“*  band  of  HI.  Much  more  precise  ’fork  will  l>o  required  to  Ret  good  esti- 
mates of  the  relative  amounts  of  th>_50  and  other  substances  which  may  bo  present. 

Conclusion 

Thu  use  of  a shock  tuv'e  for  work  in  high  temperature  chemistry  has  certain 
limitations— it  is  effectively  restricted  to  small  amounts  of  gases  which  can  be 
heated  for  only  short  times— but  on  the  other  hand  there  are  unusual  advantages. 

An  enormous  range  of  temperatures  (up  to  many  thousands  of  degrees)  is  easily  avail- 
able without  the  usual  problems  of  insulation,  the  apparatus  is  simple  to  construct, 
the  heating  is  extremely  rapid,  the  ultimate  coolin’*  slower  but  still  ran  id,  and 
perhaps  most  important  the  heating  is  homogeneous.  Thus  the  behavior  of  molecules 
can  be  studded  at  temperatures  comparable  to  those  in  detonations  but  without  the 
complications  arising  from  the  presence  of  ether  substances. 
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Appendix 

The  following  is  a list  compiled  from  various  sourcesl»2,3  of  formulae,  ap- 
plicable to  shock  tube  work,  which  are  derived  on  the  assumption  of  the  ideal  gas 
equation  of  state,  constant  heat  capacities,  instantaneous  removal  of  the  diaphragm, 
and  r.e  interaction  of  the  gases  with  the  walls  of  the  tube. 
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2)  Mach  number  for  a given  shock  pressure  ratio 


3)  Shock  density  ratio  for  a given  shock  pressure  ratio 


ji  JAtbAzL- 

U)  Reflected  shock  velocity  in  terns  of  the  pressure  ratio  of  the  incident  shock 


vliore  following  reference  Is 
a - speed  of  sound 

^ - ratio  of  specific  heats 

Mt  9 - shock  ilach  number 

a-, 

p — pressure 
- density 

TT-^  — propagating  speed  of  the  incident  shock  relative  to  the  shock  tube 

Ujj  - propagating  speed  of  the  reflected  shock  relative  to  the  shock  tube 

subscripts  indicate  the  following  regions  in  the  shock  tube 
1 undisturbed  gas  ahead  of  the  shock 


2 heated  gas  behind  tho  shock 
U undisturbed  gas  in  the  high  orcssuro  section 
5 twice  heated  gas  behind  tho  reflected  wave 
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